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Efficient  vaccines  potentiate  antibody  avidity  and  increase  T  cell 
longevity,  which  confer  protection  against  microbial  lethal  chal¬ 
lenge.  A  vaccine  strategy  was  established  by  using  Lactobacillus 
acidophilus  to  deliver  Bacillus  anthracis  protective  antigen  (PA)  via 
specific  dendritic  cell-targeting  peptides  to  dendritic  cells  (DCs), 
which  reside  in  the  periphery  and  mucosal  surfaces,  thus  directing 
and  regulating  acquired  immunity.  The  efficiency  of  oral  delivery 
of  L.  acidophilus  expressing  a  PA-DCpep  fusion  was  evaluated  in 
mice  challenged  with  lethal  B.  anthracis  Sterne.  Vaccination  with  L. 
acidophilus  expressing  PA-DCpep  induced  robust  protective  immu¬ 
nity  against  B.  anthracis  Sterne  compared  with  mice  vaccinated 
with  L.  acidophilus  expressing  PA-control  peptide  or  an  empty 
vector.  Additionally,  serum  anti-PA  titers,  neutralizing  PA  antibod¬ 
ies,  and  the  levels  of  IgA-expressing  cells  were  all  comparable  with 
the  historical  recombinant  PA  plus  aluminum  hydroxide  vaccine 
administered  s.c.  Collectively,  development  of  this  strategy  for  oral 
delivery  of  DC-targeted  antigens  provides  a  safe  and  protective 
vaccine  via  a  bacterial  adjuvant  that  may  potentiate  mucosal 
immune  responses  against  deadly  pathogens. 
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The  next  generation  of  oral  vaccines  should  ideally  be  adminis¬ 
tered  in  a  single,  tolerable,  efficacious  dose  that  induces  a  robust 
neutralizing  humoral  and  acquired  immunity  against  specific  mi¬ 
crobial  pathogens.  Moreover,  such  vaccines  must  be  safe,  inexpen¬ 
sive,  and  stable.  Ideally,  vaccine  delivery  vectors  would  stimulate 
immune  responses  at  sites  where  pathogens  interact  with  mamma¬ 
lian  hosts,  thereby  generating  the  first  eminent  barriers  against 
infection.  An  additional  advantage  of  oral  vaccination  not  usually 
observed  with  s.c.  or  intramuscular  injection  is  the  simultaneous 
induction  of  both  mucosal  and  systemic  immunity  against  the 
antigen  of  interest. 

Live  attenuated  vaccine  vectors  such  as  Samonella ,  Bortedella , 
and  Listeria  have  been  successfully  used  to  deliver  heterologous 
antigens  (1-3).  Although  many  of  the  properties  related  to  their 
pathogenicity  make  them  attractive  candidates  for  inducing  im¬ 
mune  responses,  the  potential  for  reversion  of  attenuated  strains  to 
virulence  is  a  significant  safety  concern.  Moreover,  these  bacteria 
are  highly  immunogenic,  which  may  prevent  their  use  in  vaccine 
regimens  requiring  multiple  doses  (4). 

Probiotics  are  defined  as  “live  microorganisms  that  when  admin¬ 
istered  properly,  confer  a  health  benefit  to  the  host”  (5).  Lactic  acid 
bacteria  (LAB)  comprise  a  group  of  Gram-positive  bacteria  that 
include  species  of  Lactobacillus ,  Lactococcus,  Leuconostoc ,  Pedio- 
coccus ,  and  Streptococcus.  It  is  widely  accepted  that  Lactobacillus 
species  play  a  critical  role  as  commensals  in  the  gastrointestinal  (GI) 
tract.  Their  ability  to  survive  transit  through  the  stomach,  close 
association  with  the  intestinal  epithelium,  immunomodulatory 
properties,  and  their  safe  consumption  in  large  amounts  make 
lactobacilli  attractive  candidates  for  development  into  live  vehicles 
for  delivery  of  immunogens  to  the  intestinal  mucosa  (6).  Further¬ 
more,  it  was  recently  shown  that  specific  Lactobacillus  species 


induce  regulated  inflammatory  responses  against  infection,  in¬ 
crease  IgA  production,  activate  monocytic  lineages  (e.g.,  DCs) 
(7-11),  and  regulate  the  balance  of  Thl  and  Th2  pathways  (12). 
Moreover,  adjuvant-like  effects  on  mucosal  and  systemic  immunity 
have  been  demonstrated  by  using  specific  Lactobacillus  species  (13, 
14).  For  enhancement  of  epitope  bioavailability  conferred  by  the 
delivery  vehicle,  specific  Lactobacillus  species  can  be  selected  (6). 

Systemic  infection  with  Bacillus  anthracis  resulting  from  inhala¬ 
tion  causes  a  100%  mortality  rate  (15).  Pathogenesis  is  due  pri¬ 
marily  to  the  production  of  toxins  by  these  bacteria  once  inside  the 
host  (16).  These  toxins  consist  of  3  distinct  proteins,  which  include 
a  host- cell-binding  component,  called  protective  antigen  (PA),  and 
2  enzymes,  edema  factor  (EF)  with  adenylate  cyclase  activity  and 
lethal  factor  (LF)  with  zinc-metalloprotease  activity  (17).  PA  binds 
to  its  cell  receptor  where  it  is  cleaved  by  a  furin-like  surface 
protease,  heptamerizes,  and  binds  EF  and  LF  through  homologous 
N-terminal  domains.  The  PA-EF  or  PA-LF  complexes  are  then 
endocytosed  (18).  Acidification  within  the  endosomes  leads  to 
insertion  of  PA  heptamers  into  the  endosomal  membrane  and 
subsequent  release  of  toxin  enzymes  into  the  cytosol  where  they 
direct  cellular  death.  The  current  established  vaccine  against  deadly 
B.  anthracis  is  formulated  with  aluminum  hydroxide  (alhydrogel)  as 
an  adjuvant  and  is  administered  by  multiple  s.c.  injections.  This 
vaccine  is  far  from  ideal  because  it  induces  significant  transient  side 
effects  in  individuals,  making  it  important  to  find  an  alternate 
vaccine  strategy  for  B.  anthracis  infections. 

The  mucosa  represents  the  site  for  the  first  dynamic  interactions 
between  microbes  and  the  human  host.  Accordingly,  a  robust  and 
highly  specialized  innate,  as  well  as  adaptive,  mucosal  immune 
system  protects  the  mucosal  membrane  from  pathogens  (e.g., 
Salmonella )  (19,  20).  Although  the  mucosal  site  normally  tolerates 
associated  commensal  microbiota,  specific  immunity  is  constantly 
induced  against  invading  pathogens  in  mucosa-associated  lymphoid 
tissues  (MALT)  through  the  homing  specificity  of  activated  effector 
lymphocytes  (21,  22).  Professional  antigen  presenting  DCs  have 
been  identified  in  numerous  tissue  compartments,  including  the 
lamina  propria  (LP),  the  subepithelium,  a  T  cell-rich  zone  of 
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Fig.  1.  Plasmids  for  expression  of  rPA  peptide  fusions.  Map  of  constitutive 
rPA/DC-peptide  fusions  and  control  plasmid,  pTRK895  (A)  and  schematic  of 
the  expression  cassettes  for  DCpep  and  Ctrlpep,  pTRK896  and  pTRK895  ( B ), 
respectively.  Replication  determinants  are  shown  as  black  arrows;  transcrip¬ 
tional  terminators  are  shown  as  black  boxes;  the  erythromycin  resistance  gene 
is  shown  in  dark  gray;  pag  is  shown  in  light  gray;  DC  or  Ctrl  (control)  peptide 
coding  sequences  are  represented  by  the  gray  arrow  (pag);  promoters  are 
shown  in  white. 


lymphoid  tissue  associated  with  the  mucosa,  and  draining  lymph 
nodes  (23, 24).  DCs  located  in  or  beneath  the  epithelium  can  sample 
and  capture  various  bacterial  antigens  that  cross  the  epithelial  layer 
through  M  cells  (25-28).  Additionally,  DCs  within  the  LP,  recruited 
by  chemokines  released  by  epithelial  cells,  reach  the  gut  epithelia 
expressing  occludin  and  claudin-1  molecules.  These  latter  mole¬ 
cules  facilitate  penetration  of  these  cells  into  the  tight  junctions 
between  epithelial  cells.  DCs  subsequently  extend  their  probing 
dendrites  into  the  lumen  to  sample  commensal  or  microbial  im¬ 
munogens  (14,  29-31).  These  cells  then  migrate  into  the  lymphoid 
follicles  wherein  processed  antigens  are  presented  to  B  and  T  cells 
to  initiate  humoral  (IgA)  and  T  cell  immune  responses  (10). 

A  strategy  that  specifically  targeted  a  hepatitis  C  viral  antigen  to 
DCs  by  using  12-mer  peptides  elicited  efficient  antigen-specific 
immune  responses  in  vivo  (32,  33).  It  is  noteworthy  that  the 
antigen-DC  peptide  fusions  in  this  study  did  not  modify  the 
phenotype  or  the  function  of  DCs,  highlighting  their  proficiency  at 
directing  antigens  to  mature  and  immature  DC  subsets  without 
inducing  anergy  in  these  cells.  To  extend  and  refine  this  vaccine 
platform,  Lactobacillus  acidophilus  was  selected  to  specifically 
deliver  B.  anthracis  PA  fused  to  a  DC-targeting  peptide  (DCpep) 
to  mucosal  DCs.  Our  data  clearly  show  that  this  vaccine  strategy 
elicited  robust  protective  immune  responses  against  B.  anthracis , 
resolving  the  infection  in  mice. 

Results 

Expression  of  rPA  in  L.  acidophilus.  To  establish  a  platform  for  oral 
vaccine  delivery,  the  constructed  plasmids  were  successfully  trans¬ 
formed  into  L.  acidophilus  (Fig.  1 A  and  B  and  Table  1).  The  PA 
fusion  proteins  were  secreted  by  L.  acidophilus  and  were  identified 
in  the  cell  supernatants.  Fig.  2  shows  the  lanes  of  an  SDS/PAGE  gel 
in  which  supernatants  or  cell  pellets  of  cultures  of  L.  acidophilus 
NCK1838  (PA-Ctrlpep),  NCK1839  (PA-DCpep),  and  NCK1835 
(empty  vector)  were  loaded  and  subjected  to  Western  blot  analysis 
using  anti-PA  antibody.  The  identity  of  the  2  83-kDa  bands  in  the 
culture  supernatants  were  confirmed  as  the  PA  fusion  proteins  (Fig.  2). 

L  acidophilus  Interactions  with  DCs.  To  demonstrate  that  L.  aci¬ 
dophilus  strains  expressing  PA  fusions  and  their  controls  can  be 
captured  by  mouse  DCs,  Alexa  Fluor  647-labeled  bacteria  were 
cocultured  with  DCs.  Data  show  that  mouse  DCs  efficiently 


Table  1.  Bacterial  strains  and  plasmids 


Strain  or  plasmid  Relevant  characteristics 


L  acidophilus 

NCFM 

Human  intestinal  isolate 

NCK  1838 

NCFM  w/  pTRK895  (PA-Ctrlpep) 

NCK  1839 

NCFM  w/  pTRK896  (PA-DCpep) 

NCK  1895 

Escherichia  coli 

NCFM  w/  pTRK882  (empty  vector) 

MC-1061 

Plasmids 

Strr,  E.  coli  transformation  host 

pTRK882 

4.5-kb,  Emr,  constitutive  expression  vector,  Ppgm 
promoter 

pPAGctrl 

5.7-kb,  AmpR  source  of  pagctrl  gene 

pPAGDC 

5.7-kb,  AmpR  source  of  pagDC  gene,  encodes  PADC 

pTRK895 

6.8-kb,  Ermr,  pTRK882:  :pagco/7,  constitutive 
expression  of  PA-ctrlpep 

pTRK896 

6.8-kb,  Ermr,  pTRK882 v.pagdc,  constitutive 
expression  of  PA-DCpep 

captured  labeled  L.  acidophilus  strains,  indicating  that  the  endocy- 
totic  pathway  of  DCs  was  not  impaired  [supporting  information  (SI) 
Fig.  SE4).  Additionally,  the  cytokines  released  by  DCs  treated  with 
these  L.  acidophilus  strains  were  studied.  Interestingly,  low  levels  of 
IL-12  production  was  detected  in  DCs  treated  with  L.  acidophilus 
NCK  1839  expressing  PA-DCpep  (Fig.  SIB).  Other  cytokines  such 
as  TNFo:,  IL-6,  and  IL-10  were  induced  at  approximately  the  same 
levels  in  mouse  DCs  treated  with  all  3  recombinant  L.  acidophilus 
strains  (Fig.  SIB). 

Vaccination  with  Recombinant  L  acidophilus.  L.  acidophilus  strains 
expressing  PA-Dcpep  or  PA-Ctrlpep  or  harboring  the  vector  were 
grown  to  late  log  phase  in  deMan,  Rogosa,  and  Sharpe  (MRS) 
medium  with  erythromycin  (ERM)  and  then  pelleted,  washed,  and 
resuspended  at  109  CFU  in  250  /xL  in  PBS.  A/J  mice  were  orally 
vaccinated  with  L.  acidophilus  NCK1839  (PA-DCpep),  L.  acidophi¬ 
lus  NCK1838  (PA-Ctrlpep),  or  L.  acidophilus  NCK1895  (empty 
vector),  and  challenged  with  B.  anthracis  Sterne  (5  X  104  CFU  per 
mouse).  The  results  showed  that  12  of  16  mice  (75%)  vaccinated 
with  L.  acidophilus  expressing  PA-DCpep  survived,  whereas  only  4 
of  16  mice  in  the  control  group  vaccinated  with  L.  acidophilus 
expressing  PA-Ctrlpep  survived  the  lethal  challenge  with  B.  an¬ 
thracis  Sterne  (Fig.  3  A-C).  All  other  groups,  including  L.  acidophi¬ 
lus  containing  null  vector  ( n  =  16)  or  PBS  alone  (n  =  20), 
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Fig.  2.  Western  blots  of  PA-DCand  PA-Ctrl  expressed  proteins.  Proteins  were 
TCA-precipitated  from  the  supernatants  and  the  cell-free  extracts  of  log- 
phase  cultures  of  L.  acidophilus  NCK1838,  NCK1839,  and  NCK1895  were 
resuspended  in  50  mM  NaOH  and  10  /x g  was  loaded  and  electrophoresed  on 
a  12%  polyacrylamide  gel.  Proteins  were  transferred  onto  a  nitrocellulose 
membrane  and  probed  with  HRP-anti-PA  antibody.  Data  are  representative  of 
a  least  5  different  experiments. 


4332  |  www.pnas.org/cgi/doi/10.1073/pnas.0900029106 


Mohamadzadeh  etal. 


Approved  for  public  release.  Distribution  is  unlimited. 


A/J  ,  No  Vaccine 


Vaccination  Protocol 

ditto  ditto  -  -  ditto  ditto 


a  Before-challenge 
a  After-challenge 


Jt L  NCK1895 

^109CFU/Mouse 

/  A/J  ,  NCK1838 
‘ -  109CFU/Mouse 

NCK1839 
-  109CFU/Mouse 


ditto  ditto 

ditto  ditto 

ditto  ditto 


ditto  ditto 

ditto  ditto 

ditto  ditto 


Days  1 


B 


14  21  28  35  42  49 

Sterne  challenge  (5x104  CFU,  IP)^ 

Monitoring  Mouse  Survival  0*^40  days 


Control  Mice 
►  rPA+Alhydrogel 


C  s 


<0 

1 100 
.5  80 


n 


Fig.  3.  Protective  immunity  against  B.  anthracis  Sterne.  (A)  Vaccination 
schedule.  Groups  of  mice  were  orally  vaccinated  with  L.  acidophilus  1838, 
1839,  or  1895  (109  CFU  in  250  /xL).  The  oral  route  was  repeated  3  times  weekly. 
Two  weeks  later,  the  groups  of  mice  were  boosted  twice.  Seven  days  after  the 
final  boost,  the  mice  were  challenged  i.p.  with  B.  anthracis  Sterne  pX01+/ 
pX02~  (5  x  104CFU  per  mouse).  Survival  was  then  monitored  until  day  40.  ( B 
and  C)  Mouse  survival.  Vaccinated  and  nonvaccinated  mice  were  challenged 
i.p.  with  B.  anthracis  Sterne.  Survival  was  then  monitored  until  day  40.  Data 
are  representative  of  2  independent  experiments. 


succumbed  to  the  lethal  challenge  (Fig.  3  B  and  C).  The  current 
anthrax  vaccine,  rPA  adsorbed  to  alhydrogel,  given  in  a  single  s.c. 
injection,  protected  16  of  20  mice  from  B.  anthracis  Sterne  lethal 
challenge  (Fig.  3  B  and  C).  Thus,  results  from  these  studies  further 
highlight  the  efficacy  of  employing  probiotic  lactic  acid  bacteria  in 
vaccine  platforms,  whereupon  microbial  immunogens  such  as  B. 
anthracis  PA  can  be  delivered  by  using  small  DC-targeting  peptides 
fused  to  the  C  terminus  of  the  antigen. 
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Fig.  4.  Detection  of  Anti-PA  antibodies.  After  the  vaccination  regime,  sera 
were  derived  from  each  group  of  mice  just  before  and  after  challenge  with  B. 
anthracis  Sterne  for  assays  of  anti-PA  antibodies  (A)  and  the  anti-toxin  neu¬ 
tralizing  antibodies  ( B ).  Each  triangle  or  diamond  represents  the  value  of 
anti-PA  antibody  detected  in  the  serum  of  each  individual  mouse.  The  anti¬ 
body  responses  for  the  control  mice  and  those  treated  with  NCK1 895  (empty 
vector)  were  below  the  detection  limit.  For  some  of  the  mice  vaccinated  with 
DC-peporCtrlpep,  IgG  levelswere  belowthe detection  limits,  andthese values 
were  not  recorded  on  the  figure.  Each  symbol  of  each  value  represents  the 
serum  derived  from  each  mouse.  All  data  are  representative  of  2  independent 
experiments. 


may  have  been  a  critical  factor  in  the  protection  of  those  mice 
against  Sterne  challenge  (Fig.  4 B) 


Anti-PA  Antibody  Analysis.  The  production  of  anti-PA  antibodies  in 
vaccinated  mice  as  well  as  in  those  mice  that  survived  the  challenge 
was  analyzed  by  ELISA.  Sera  derived  from  the  mice  that  survived 
challenge  contained  high  titers  of  anti-PA  antibodies,  which  were 
comparable  with  antibody  levels  from  mice  in  the  group  vaccinated 
with  rPA  plus  alhydrogel  (Fig.  44).  Interestingly,  mice  vaccinated 
with  L.  acidophilus  expressing  PA-Ctrlpep  also  showed  a  range  of 
anti-PA  titers,  but  the  titers  were  not  sufficient  to  elicit  the  same 
degree  of  protective  immunity  to  allow  their  survival. 

B.  anthracis  Toxin-Neutralizing  Antibodies.  To  determine  the  levels  of 
B.  anthracis  toxin-neutralizing  anti-PA  antibodies  elicited  by  L. 
acidophilus  expressing  PA-DCpep  versus  its  control,  a  toxin- 
neutralization  assay  was  performed  (34).  This  assay  was  performed 
to  demonstrate  that  anti-PA  antibodies  released  by  peripheral 
immune  cells  were  capable  of  preventing  the  association  of  PA  to 
the  B.  anthracis  lethal  factor  (LF)  or  the  binding  of  lethal  toxin  (PA 
+  LF)  to  cell  receptors,  thereby  resulting  in  increased  survival  of  B. 
anthracis  lethal  toxin-treated  macrophages.  Data  show  that  toxin¬ 
neutralizing  antibody  titers  were  reported  as  the  reciprocal  of  the 
dilution  that  showed  >30%  cellular  protection.  Interestingly,  these 
results  demonstrate  that  L.  acidophilus  expressing  PA-DCpep 
elicited  high  levels  of  neutralizing  anti-PA  antibodies  in  vivo  that 


Detection  of  lgA+  Cells  Within  Small  Intestine.  Immunostaining  data 
of  small  intestinal  sections  showed  higher  expression  of  IgA+ 
plasma  cells  in  the  LP  of  villi  and  PP  and  occasional  cells  transmi¬ 
grating  the  epithelium  from  all  groups  of  mice  compared  with 
unvaccinated  mice  (Fig.  5  A  and  B).  Additionally,  there  was 
extracellular  labeling  of  secreted  IgA  in  these  areas  that  was 
especially  prominent  along  the  apical  surface  of  some  epithelial 
cells  (Fig.  5v4). 

Induction  of  Cytokines.  Cytokines  and  chemokines  released  into  the 
peripheral  blood  of  all  mice  were  assayed  as  described  above.  Data 
show  thatL.  acidophilus  expressing  PA-DCpep  orally  administrated 
into  mice  before  challenge  induced  the  up-regulation  of  IL-10,  IL-6, 
TNFai,  and  MCP-1  (1.4  ng/mL)  whereas  L.  acidophilus  expressing 
PA-Ctrlpep  induced  increased  levels  of  only  TNFce  (Fig.  6A). 
Furthermore,  cytokines  in  the  sera  derived  from  mice  that  survived 
challenge  by  B.  anthracis  after  vaccination  with  L.  acidophilus 
expressing  PA-DCpep  showed  interesting  trends  before  and  after 
challenge,  mainly  in  the  production  of  IL-12,  IL-6,  TNFce,  and  IFNy 
(Fig.  6 B).  Interestingly,  IL-10  production  was  not  sustained  during 
the  course  of  the  infection  in  these  mice  (Fig.  6 B).  Although  the 
production  of  IL-6,  TNFce,  and  MCP-1  (43.7  pg/mL)  was  higher  in 
mice  that  received  L.  acidophilus  PA-Ctrlpep,  IL-12p70,  and  IFNy 
were  conversely  lower  in  these  mice  (Fig.  6 B).  As  seen  in  Fig.  6 B, 
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Fig.  5.  Detection  of  IgA-expressing  cells  within  the  small  intestine.  (A)  After 
isolation  of  jejunum  and  ileum,  these  tissues  were  fixed  in  10%  formalin  and 
processed  into  paraffin  blocks.  Serial  tissue  sections  were  then  mounted  on 
glass  slides  and  IgA-expressing  cells  were  detected  with  a  rabbit  anti-mouse 
IgA  polyclonal  and  visualized  with  a  goat  anti-rabbit  HRP  secondary  via 
scanning  electron  microscopy.  Magnified  areas  are  shown  in  red  squares.  ( B ) 
lgA+  cells  of  the  lamina  propria  (LP)  of  villi  and  Peyer's  patches  (PP)  were 
evaluated  by  a  semiautomated  quantitative  image  analysis  system.  Data  are 
depicted  as  fold  increases  of  lgA+-expressing  plasma  cells  in  LP  and  PP  areas 
from  all  mice  compared  with  unvaccinated  controls.  Data  are  representative 
of  3  independent  experiments. 


IL-12p70,  IL-6,  TNFce,  IFNy,  and  MCP-1  (25  pg/mL)  were  induced 
at  low  levels  in  mice  vaccinated  s.c.  with  rPA  plus  alhydrogel; 
however,  it  rose  significantly  after  Sterne  challenge.  Other  cyto¬ 
kines  such  as  IL-4  (<  0.1  pg/mL),  IL-5  (<  0.2  pg/mL),  and  IL-2 
(<  0.4  pg/mL)  were  expressed  at  very  low  levels  in  the  sera  of  all 
vaccinated  mice.  Furthermore,  data  show  that  rPA  fusion  proteins 
expressed  by  L.  acidophilus  in  vivo  clearly  elicited  Thl  immune 
responses  in  mice  that  survived  the  Sterne  challenge  (Fig.  6C). 

Discussion 

The  use  of  vaccines  against  infectious  diseases  has  been  one  of  the 
more  profound  accomplishments  of  the  medical  community  (35). 
To  date,  there  are  significant  efforts  and  interest  in  the  develop¬ 
ment  of  mucosal  vaccines  against  various  microbes  and  notable 
pioneering  accomplishments  using  lactic  acid  bacteria  as  live  vec¬ 
tors  for  oral  delivery  (21,  36,  37).  Accordingly,  one  scientific 
consensus  is  that  the  next  generation  of  vaccines  should  ideally  be 
given  orally  in  single  doses.  Moreover,  such  vaccines  should  be  safe, 
stable,  inexpensive,  easy  to  deliver,  and  induce  balanced  cellular 
and  efficacious  humoral  and  T  cell  mediated  immune  responses 
against  microbial  antigens.  In  this  regard,  we  were  able  to  success¬ 
fully  employ  L.  acidophilus  to  deliver  targeted  fusion  proteins  that 
consisted  of  the  B.  anthracis  protective  antigen  fused  to  a  short 
DC-targeting  peptide.  This  oral  vaccine  candidate  activated  mu- 
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Fig.  6.  Induction  of  cytokines  in  vivo.  ( A  and  B)  Cytokines  released  into  the 
blood  of  mice  that  were  bled  before  (A)  and  after  ( B )  Sterne  challenge  were 
analyzed  by  using  mouse  inflammatory  and  Th1/Th2  cytometric  bead  array 
kits.  Samples  were  then  analyzed  by  a  FACS  Cantoll  flow  cytometer.  (C)  T  cell 
stimulation.  rPA  (1  jwg/mL)  treated  and  untreated  DCs  (104  per  well)  were 
cultured  for  14  h  at  37  °C.  CD4+/CD8+  T  cells  (105  per  well)  derived  from  mice 
that  survived  the  B.  anthracis  Sterne  challenge  were  cocultured  with  treated 
and  untreated  DCs  for  5  days.  Cell  supernatants  were  harvested  and  the 
cytokine  release  analyzed  by  a  FACS  Cantoll  flow  cytometer.  Data  are  repre¬ 
sentative  of  3  experiments. 


cosal  antigen-presenting  cells  (e.g.,  DCs),  which  in  turn  induced 
anti-PA  neutralizing  antibodies,  IgA  secretion,  and  T  cell  immunity 
against  B.  anthracis.  This  led  to  the  robust  protection  of  mice  against 
Sterne  challenge,  whereas  PA  fused  to  a  control  peptide,  which  does 
not  improve  DC  binding,  showed  only  minor  protection.  These  data 
showed  that  modifying  and  specifically  targeting  an  antigen  to  DCs 
may  enhance  its  uptake  by  these  cells.  When  combined  with 
Lactobacillus  carrier,  added  adjuvanticity  may  lead  optimal  activa¬ 
tion  of  these  cells  to  elicit  efficient  immune  responses  against 
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microbial  challenge,  specifically  at  mucosal  surfaces.  Interestingly, 
although  some  of  the  mice  that  received  L.  acidophilus  expressing 
PA-Ctrlpep  produced  high  titers  of  anti-PA  antibodies  before 
Sterne  challenge,  only  4  mice  of  16  survived.  These  data  may 
indicate  that  a  vaccine  formulation  may  require  additional  immu- 
nostimulatory  (e.g.,  TNFcq  IL-6,  IL-12)  and  regulatory  signals  (e.g., 
IL-10)  to  elicit  an  efficient  and  robust  protection  against  microbes 
such  as  B.  anthracis.  This  could  be  in  form  of  Thl  response  (38) 
along  with  a  regulated  inflammation  that  can  mobilize  humoral  and 
T  cell  immune  responses  against  pathogens,  as  demonstrated  in 
mice  that  received  L.  acidophilus  expressing  PA  fused  to  a  DC- 
binding  peptide. 

Studies  are  in  progress  to  further  optimize  the  plasmid  vector  to 
enhance  the  expression  of  the  immunogenic  fusions  to  reduce  the 
high  number  of  orally  administered  bacteria.  We  conclude  that  this 
highly  innovative  vaccine  strategy  provides  various  beneficial  ad¬ 
vances,  including  (i)  specific  activation  of  mucosal  DCs,  (ii)  direc¬ 
tional  elicitation  of  humoral  and  T  cell-mediated  immunity  by  these 
cells,  and  (Hi)  the  delivery  system  that  can  serve  as  a  safe  and  potent 
adjuvant  that  induces  regulated  inflammatory  responses  within  the 
microenvironment. 

Of  note,  the  critical  advantage  of  vaccine  delivery  via  probiotic 
lactic  acid  bacteria  is  in  their  ability  to  induce  antigen-specific  IgA 
responses  in  feces,  saliva,  bronchoalveolar,  mesenteric  lymph  nodes, 
and  the  small  intestine  (6,  37).  It  was  previously  shown  that  some 
recombinant  lactic  acid  bacteria  vaccine  candidates  induced  ele¬ 
vated  levels  of  antigen-specific  secretory  IgA  (6),  the  predominant 
Ig  class  at  mucosal  surfaces  (21).  Moreover,  one  feature  of  this  class 
of  IgA  is  that  it  resists  proteases  rendering  these  antibodies  critical 
for  mucosal  immunity.  Accordingly,  our  data  clearly  show  that  L. 
acidophilus  expressing  PA  fusion  protein  significantly  induced  IgA 
in  the  small  intestine,  including  PP,  and  LP.  In  this  regard,  it  was 
recently  demonstrated  that  the  induction  of  IgA  against  microbes 
and  foreign  immunogens  is  T  cell  dependent  (39,  40).  PA-DCpep 
delivered  by  L.  acidophilus  elicited  a  Thl  pattern,  indicating  that 
efficient  T  cell-mediated  immunity  was  critical  for  the  induction  of 
IgA  within  the  small  intestine.  Interestingly,  the  higher  levels  of 
cytokines  such  as  IL-10  induced  in  mice  vaccinated  with  L.  aci¬ 
dophilus  expressing  PA-DCpep  before  challenge  with  B.  anthracis 
Sterne  may  play  a  role  in  concert  with  IL-4  and  TGF/3  in  the 
induction  of  IgA  and  differentiation  of  B  cells  (41, 42).  Additionally, 
IL-10  may  have  regulated  not  only  the  humoral  but  also  the  T  cell 
immune  responses  in  vivo,  both  of  which  contributed  to  a  better 
immunological  outcome,  possibly  leading  to  the  protection  of  the 
majority  of  the  animals  against  Sterne  challenge.  Nonetheless, 
future  studies  should  determine  the  levels  of  these  critical  cytokines 
within  the  PP,  and  LP  villi  that  may  be  induced  by  L.  acidophilus 
expressing  the  candidate  vaccine  resulting  in  IgA  secretion.  Fur¬ 
thermore,  L.  acidophilus  expressing  the  targeted  PA-DCpep  elic¬ 
ited  elevated  levels  of  total  and  neutralizing  anti-PA  antibodies  in 
surviving  mice.  Interestingly,  the  induced  level  of  neutralizing 
anti-PA  antibodies  in  these  mice  correlated  with  increased  animal 
survival,  crafting  the  notion  that  humoral  immune  responses  are 
critical  for  protection. 

To  date,  studies  are  in  progress  to  identify  and  characterize  the 
molecular  nature  of  the  ligand  to  which  DCpep  binds.  Our  pre¬ 
liminary  data  show  that  this  receptor  can  be  isolated  from  DC 
lysates.  Moreover,  results  indicate  that  the  receptor  for  DCpep  is 
strongly  involved  in  the  endocytotic  pathway,  allowing  faster  and 
more  efficient  transport  of  the  immunogenic  material  into  the  cells 
without  impairing  DC  functions.  Hence,  complete  characterization 
of  this  ligand  is  now  critical  and  is  expected  to  elucidate  important 
properties  of  the  DC-targeting  vaccine  strategy  that  may  now  be 
delivered  orally  and  safely  via  L.  acidophilus  for  inducing  protective 
immunity  against  B.  anthracis  and  potentially  other  pathogens. 


Materials  and  Methods 

Animals.  A/J  mice  (age  6-8  weeks)  were  purchased  from  the  National  Cancer 
Institute  (NCI)  in  Frederick,  MD.  Mice  were  housed  in  clean  standard  conditions  in 
the  animal  care  facility  at  the  US  Army  Medical  Research  Institute  of  Infectious 
Diseases  (USAMRIID).  Research  was  conducted  in  compliance  with  the  Animal 
Welfare  Act  and  other  federal  statutes  and  regulations  related  to  animals  and 
experiments  involving  animals.  The  principles  stated  in  the  Guide  for  the  Care 
and  Use  of  Laboratory  Animals  were  followed.  The  research  was  conducted  at 
USAMRIID,  which  is  fully  accredited  by  the  Association  for  Assessment  and 
Accreditation  of  Laboratory  Animal  Care  International. 

Expression  of  Recombinant  B.  anthracis  PA-DC  Peptide  Fusion  by  L.  acidophilus. 

To  express  PA  of  B.  anthracis  (43)  fused  to  DC  peptide  or  the  control  peptide,  2 
constructs  were  made.  Each  peptide  encodes  a  PA  C-terminal  fusion  to  either  a  DC 
targeting  peptide  (FYPSYHSTPQRP)  or  a  control  peptide  (EPIHPETTFTNN)  desig¬ 
nated  pPAGDC  and  pPAGctrl,  respectively  (Fig.  1  A).  Subsequently,  the  recombi¬ 
nant  PA  (rPA)  fusion  genes  were  PCR-cloned  into  expression  vector  pTRK882,  a 
shuttle  vector  based  on  the  strong  constitutive  pgm  promoter  of  L.  acidophilus. 
Plasmids  pPAGctrl  and  pPAGDC  containing  the  PA-control  peptide  or  PA-DC 
peptide  fusions  were  first  constructed.  Primers  PA-  F  (5 '  -  AT  G  C  G  GA  TCCC  AAAAAG  - 
GAGAACGTATATG-3')  and  PA-R  (5 '  -G C AATT AACCCT CACT AAAG -3 ')  were  used 
to  amplify  the  rPA  fusion  genes  for  cloning  into  pTRK882.  rPA  fusion  genes  were 
cloned  into  the  BamHI  and  Notl  sites  of  pTRK882  yielding  pTRK895  and  pTRK896. 
Subsequently,  the  constructed  plasmids  were  transformed  into  L.  acidophilus 
NCFM  by  electroporation  (Table  1).  Transformants  were  initially  selected  by  ERM 
(Sigma)  resistance  and  then  screened  by  plasmid  isolation,  followed  by  restriction 
digestion  (Fig.  1  A  and  B).  The  plasmids  were  additionally  verified  by  nucleotide 
sequencing  of  the  junction  points  between  the  vector  and  inserted  DNA. 

Western  Blot  Analyses.  To  examine  for  rPA  expression  by  L.  acidophilus,  cultures 
NCK1838  (PA-Control  peptide),  NCK1839  (PA-DCpeptide),  and  NCK1895  (empty 
vector)  were  grown  to  midlog  phase  (O.D.  =  0.4-0. 6)  in  MRS  broth  (Difco) 
supplemented  with  ERM,  centrifuged,  and  the  cell  pellets  and  supernatants  were 
collected  for  SDS/PAGE.  Cultures  of  the  constitutively  expression  constructs 
NCK1838,  NCK1839,  and  NCK1895  were  grown  to  midlog  phase  in  MRS  supple¬ 
mented  with  ERM  (5  jwg/mL).  Cell  pellets  were  then  lysed  by  bead-beating. 
Proteins  from  supernatants  were  precipitated  by  using  trichloroacetic  acid  (TCA) 
and  pelleted  by  centrifugation.  The  total  protein  (1 0  jag)  from  both  supernatants 
and  cell  pellets  were  loaded  onto  a  SDS/PAGE  gel.  rPA  was  used  as  a  positive 
control  and  NCK1 895  containing  the  empty  vector  pTRK882  served  as  a  negative 
control,  respectively.  After  electrophoresis,  the  proteins  were  transferred  to  a 
nitrocellulose  membrane  and  probed  with  anti-PA  antibody  conjugated  with 
HRP.  Blots  werethen  washed,  treated  with  3,3',5,5'-tetramethyl  benzidine  (TMB) 
substrate  (KPL),  and  visualized  by  a  Phosphorlmager. 

Mouse  DC  Culture.  Mouse  DCs  were  generated  as  previously  described  (44). 
Briefly,  after  removing  bone  marrow  cells  from  mouse  femurs,  the  cells  were 
washed  and  cultured  in  complete  RPMI  medium  1 640  plus  1 0%  FCS  and  25  ng/mL 
mouse  recombinant  GM-CSF  at  37  °C.  The  phenotype  of  these  DCs  on  day  8  was 
determined  by  a  FACS  Cantoll  flow  cytometer  (BD).  Mouse  DCs  were  positive  for 
CDIIc,  CDIIb,  and  MHC  II.  Subsequently,  the  endocytotic  activity  was  deter¬ 
mined  by  incubating  mouse  DCs  with  Alexa  Fluor  647  (Invitrogen)  -labeled  L 
acidophilus  strains  including  NCK1895,  NCK1838,  and  NCK1839  at  a  ratio  of  1:10 
for  1  h  at  37  °C.  As  a  control,  a  portion  of  DCs  were  incubated  with  Alexa  Fluor 
647-labeled  L.  acidophilus  strains  on  ice.  These  cells  were  then  washed  with  cold 
PBS/0.1  %  FCS  and  analyzed  by  flow  cytometry  (45). 

In  Vivo  Vaccination.  L.  acidophilus  strains  expressing  PA-DCpep,  PA-Ctrlpep,  and 
a  null  vector  control  were  grown  at  37  °C  in  MRS  broth  supplemented  with  ERM 
(5  jag/mL)  for  72  h  in  tightly  capped  flasks  without  shaking.  Cells  were  centrifuged 
and  washed  twice  in  PBS  before  a  final  resuspension  at  109  CFU/250  jaL  in  PBS. 
Subsequently,  groups  of  mice  were  orally  vaccinated  with  L.  acidophilus  NCK 
1839  (PA-DCpep),  L.  acidophilus  NCK1838  (PA-Ctrlpep),  and  L.  acidophilus  NCK 
1895  (empty  vector)  by  gavage  of  250  jaL  containing  «*109  CFU.  Vaccination  was 
repeated  3  times  on  a  weekly  basis.  Two  weeks  later,  the  groups  of  mice  were 
boosted  twice.  Seven  days  after  the  final  boost,  the  mice  were  i.p.  challenged 
with  B.  anthracis  Sterne  pXOI  +/pX02~  (5  x  104CFU  per  mouse)  (46).  Survival  was 
monitored  until  day  40.  Additionally,  blood  was  taken  from  each  mouse  before 
and  after  challenge  to  determine  the  levels  of  anti-PA  antibodies,  PA- 
neutralizing  antibodies,  and  cytokines  released  into  the  peripheral  blood. 

Anti-PA  Antibody  Analysis.  The  anti-PA  antibody  response  was  measured  by 
ELISA  (34,  47).  Briefly,  microtiter  plates  were  coated  with  rPA  overnight  at  4  °C. 
Plates  were  then  blocked  with  milk  (6%)  in  PBS.  Subsequently,  mouse  sera  were 
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added  to  wells  in  2  log  serial  dilutions  (1 :40  to  1 :81 920)  and  the  plates  incubated 
for  2  h  at  37  °C.  Plates  were  washed,  and  serum  antibodies  bound  to  rPA  were 
detected  by  adding  HRP-conjugated  goat  anti-mouse  IgG  (BD  Biosciences).  Plates 
were  then  incubated  for  1  h  at  37  °C.  3f3',5,5'-Tetramethylbenzidine  (TMB) 
substrate  was  added  and  incubated  at  37  °C  for  5-10  min.  Absorbencies  were 
determined  at  405  nm  after  neutralization  with  50  /xL  of  hydrochloric  acid  (1  M). 

B.  anthracis  Toxin-Neutralizing  Antibodies.  To  determine  the  levels  of  neutral¬ 
izing  anti-PA  antibodies  elicited  by  L  acidophilus  expressing  PA-DCpep  versus  its 
controls,  a  toxin-neutralization  assay  was  used  (34).  This  assay  was  performed  to 
demonstrate  that  anti-PA  antibodies  released  by  peripheral  blood  immune  cells 
were  capable  of  preventing  the  association  of  PA  to  B.  anthracis  lethal  factor  (LF) 
or  the  binding  of  lethal  toxin  to  cell  receptors,  thereby  resulting  in  increased 
survival  of  B.  anthracis  lethal  toxin-treated  macrophages.  Briefly,  serially  diluted 
mouse  sera  were  incubated  at  37  °C  with  B.  anthracis  lethal  toxin  (PA  100  ng/mL 
and  LF  20  ng/mL).  After  1  h,  the  mixture  was  added  to  J774A.1  macrophages  (1 05 
per  well)  in  a  96-well  plate.  After  4  h  incubation  at  37  °C,  25  /xL  of  MTT  (1  mg/mL) 
dye  was  added  and  the  cells  were  further  incubated  for  2  h.  The  reaction  was 
stopped  by  adding  an  equal  volume  of  lysis  buffer  [50%  DMF  and  20%  SDS  (pH 
7.4)].  Plates  were  incubated  overnight  at  4  °C,  and  the  absorbance  was  read  at  570 
nm  in  a  multiwell  plate  reader. 

Detection  of  IgA.  The  level  of  IgA  was  determined  within  the  small  intestine. 
Briefly,  for  immunohistological  studies,  the  jejunum  and  ileum  were  isolated 
from  mice  in  each  vaccinated  group  (2  mice  per  group)  for  staining  of  IgA- 
expressing  cells.  Subsequently,  the  tissues  were  fixed  in  10%  formalin  and  pro¬ 
cessed  into  paraffin  blocks.  Serial  tissue  sections  (5-jam  thick)  were  mounted  on 
glass  slides  and  IgA  expressing  cells  were  visualized  with  a  rabbit  anti-mouse  IgA 
polyclonal  antibodies  (Zymed  Laboratories)  and  a  secondary  goat  anti-rabbit  HRP 
antibody  (DAKO).  lgA+  regions  of  the  small  intestine,  including  the  LP  of  villi  and 
PP  were  evaluated  by  a  semiautomated  quantitative  image  analysis  system  of  the 
immunohistochemically  labeled  tissues  (ACIS  II;  DakoCytomation.  From  digitized 
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images  of  the  stained  tissue  sections,  the  percentage  of  pixels  in  each  tissue  that 
contained  the  immunostain  chromogen  was  measured  and  expressed  as  a  per¬ 
centage  of  the  scanned  area  (positive  pixels/positive  +  negative  pixels).  The  mean 
intensity  of  each  chromogen-containing  pixel  was  calculated  and  expressed  as 
the  mean  pixel  intensity. 

Cytokine  Analysis.  Cytokines  released  into  the  peripheral  blood  of  micethat  were 
bled  by  tail  nick  before  and  after  B.  anthracis  Sterne  challenge  were  analyzed  by 
using  mouse  inflammatory  and  Th1/Th2  cytometric  bead  array  kits  (BD  Bio¬ 
sciences).  Briefly,  the  bead  mixture  (50  jaL)  was  combined  with  the  mouse  sera  (50 
jaL,  vol/vol),  or  standards  (50  jaL),  and  phycoerythrin  (50  jaL).  Subsequently, 
samples  were  incubated  for  2  h  at  room  temperature  in  the  dark.  These  samples 
were  washed,  centrifuged,  resuspended  in  wash  buffer  (300  jaL)  and  then  ana¬ 
lyzed  by  a  FACS  Cantoll  flow  cytometer  (BD).  Analysis  software  (BD  CellQuest) 
allowed  for  calculation  of  cytokine  values  in  sera  at  picogram-per-milliliter 
amounts. 

T  Cell  Stimulation.  Highly  purified,  bone  marrow-derived  DCs  were  prepared  as 
described  above.  The  rPA-treated,  and  -untreated,  DCs  (104  per  well)  were  seeded 
in  round-bottomed  microtiter  plates  and  subsequently  cultured  for  1 2  h  at  37  °C. 
T  cells  (105  per  well)  from  mice  that  survived  the  B.  anthracis  Sterne  challenge 
were  isolated  from  mesenteric  lymph  nodes  by  using  a  negative  magnetic  bead 
method.  These  cells  were  then  cocultured  with  PA-treated  or  -untreated  DCs  for 
5  days.  Afterward,  cell  supernatants  were  harvested  and  cytokine  release  ana¬ 
lyzed  by  using  CBA  mouse  TH 1/TH2  kits  on  the  FACS  Cantoll  flow  cytometer  (BD). 
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